The physics of the ice crystal surface and its interaction with adsorbates are not only of fundamental interest but also of considerable importance to terrestrial and planetary chemistry. Yet the atomic-level structure of even the pristine ice surface at low temperature is still far from well understood. This computational study focuses on the pattern of dangling H and dangling O (lone pairs) atoms at the basal ice surface. Dangling atoms serve as binding sites for adsorbates capable of hydrogen-and electrostatic bonding. Extension of the well known orientational disorder (''proton disorder'') of bulk crystal ice to the surface would naturally suggest a disordered dangling atom pattern; however, extensive computer simulations employing two different empirical potentials indicate significant free energy preference for a striped phase with alternating rows of dangling H and dangling O atoms, as suggested long ago by Fletcher [Fletcher NH (1992) Philos Mag 66:109 -115]. The presence of striped phase domains within the basal surface is consistent with the hitherto unexplained minor fractional peaks in the helium diffraction pattern observed 10 years ago. Compared with the disordered model, the striped model yields improved agreement between computations and experimental ppp-polarized sum frequency generation spectra.
W
ater ice is an intellectually challenging and fundamentally important solid. Ice and ice particles play a basic role in terrestrial, atmospheric, planetary, and interstellar phenomena (1) (2) (3) . The remarkable properties of ice are determined by the unique ability of H 2 O to form four relatively strong hydrogen bonds to four neighboring water molecules, in an approximately tetrahedral arrangement. This gives rise to a rich bulk phase diagram comprising a variety of crystalline phases, in addition to muchdebated amorphous phases (1) .
Under ambient conditions, hexagonal ice is the dominant solid form of H 2 O. Here we focus on the surface structure of hexagonal ice, which hosts a variety of chemical reactions in natural environments; perhaps the most famous example being the sequence of reactions leading to ozone-hole formation, which is initiated by HCl and ClO adsorption on frozen stratospheric cloud particles (4) . The interaction of ice with molecules, ions, and electrons is affected by the solvating properties of its surface. It has long been recognized that these properties are directly related to the structure and dynamics of the surface H-bond network, which has consequently received considerable attention in past research (see, for example, refs. 1, 3, and 5-16).
Here, we address a feature of the ice surface that has not received extensive attention but that is expected to significantly influence its properties, including its interaction with adsorbates. Specifically, we argue that the pattern of dangling H (d-H) and dangling O (d-O) atoms on the ice surface is composed of ordered striped domains, with alternating rows of d-H and d-O. This conclusion is all of the more remarkable given that bulk ice is orientationally disordered (''proton disordered'') and that extension of the bulk disorder to the surface would naturally suggest, instead, a quasi-random pattern of dangling atoms. We first describe the salient features of ice structure, the experimental and theoretical results that address ice surface structure, and the effect of temperature on the surface. Next, we discuss the results of helium atom scattering studies and two ordered models of the surface: a fully ordered, striped surface phase that we refer to as the ''Fletcher phase'' (16) and a honeycomb state (ref. 17 and references therein). We then present our computational results. Simulations are used to demonstrate the thermodynamic preference for the striped phase, and the presence of striped domains is shown to account for unexplained fractional diffraction peaks in He scattering data and to produce a better fit to recent sum frequency generation (SFG) spectra of the ice surface. We conclude with a discussion of our results and a brief description of the methods used in our study.
In hexagonal ice, the tetrahedral H-bond network is nearly perfect. The structure can be viewed as being composed of interconnected puckered hexagonal bilayers; each water molecule forms three hydrogen bonds to its neighbors within the bilayer and one bond to the adjacent bilayer (1, 2) . The O atoms form a periodic pattern, whereas the orientations of molecules are random within the constraint of the near-completeness of the H-bond network (1) . Different orientational arrangements of ice correspond to similar energies. Because of high kinetic barriers, orientational ordering does not actually occur upon cooling, as would be expected on energetic grounds, except under special conditions, i.e., in presence of a base catalyst at 72 K (1). Under ordinary conditions, bulk ice remains orientationally disordered over the entire temperature (T) range of its stability.
Imagine cutting the ice crystal to expose the ideal (0001) hexagonal basal plane, as shown in Fig. 1A . The water molecules in the bottom half of this exposed outermost ice bilayer retain their four hydrogen bonds (three bonds within the bilayer and one to the bilayer immediately below). The molecules in the top half of the surface bilayer (whose O atoms are shown in yellow) are threecoordinated, lacking an H-bond to the bilayer above them. Each three-coordinated molecule contributes to the surface either a d-H (not forming an H-bond, shown in black) or a d-O (accepting only one H-bond from within the bilayer, shown as yellow O atoms that are not attached to the black d-H). If the orientational disorder of the bulk were to propagate all the way to the surface, the d-H and d-O atoms would form a disordered pattern anchored to a triangular lattice that corresponds to the upper half of the top bilayer ( Fig. 1 A and F) . Does the low-temperature proton disorder of bulk ice in fact propagate all the way to the surface? This question can be posed in two parts: (i) Do the surface O atoms form a periodic pattern, and, if so, is this pattern the same as in bulk? and (ii) What is the corresponding d-O and d-H atom distribution at the surface? Several experimental studies have addressed these questions. Using dynamical low-energy electron diffraction at 90 K in conjunction with energy calculations and molecular dynamics (MD) simulations, Materer et al. (5, 6 ) studied films grown on a Pt(111) surface. The combined results are consistent with an oxygen-ordered hexagonal outer (0001) ice bilayer without reconstruction. However, because of enhanced vibrational amplitudes, the outermost water molecules were practically undetectable. Helium scattering can probe these outermost surface molecules with greater sensitivity (7) (8) (9) (10) (11) (12) . A series of He scattering studies were published by Toennies and colleagues for bare and adsorbate-covered crystal ice surfaces prepared by deposition on Pt(111) (7) (8) (9) (10) . At temperatures of tens of Kelvin, high-resolution He diffraction patterns were obtained from the ice basal plane. Note that low-energy He atoms interact predominantly with surface O atoms. These diffraction results confirmed a surface termination matching that of bulk ice, with an oxygen-ordered bilayer of water molecules. Helium diffraction consistent with an unreconstructed basal ice surface was also reported by Gibson, Viste, and Sibener (11) from a crystalline water deposit on Rh(111). In contrast, spectroscopic investigations of ice nanoparticles have indicated a quasi-spherical particle geometry with a reconstructed disordered surface (13) .
Flat crystal surfaces may be characterized by weaker ''net'' bonding than the bulk ice. Hence, the onset of loss of oxygen atom order can be expected in the top bilayer as temperature rises to the so called ''Tammann temperature'': approximately two-thirds of the bulk melting temperature. Such disorder tends to appear on most crystal surfaces (18, 19) . The onset of ice surface disordering near 180 K was indicated by elastic He scattering data (12); a somewhat higher onset near 200 K was derived from SFG spectra of the surface dangling-OH (14) . Top bilayer disordering may be viewed as a precursor of the quasi-liquid layer on ice, which has been discussed extensively since Faraday (1, 3, 15) . The T range of our present interest is below the Tammann temperature; in that regime, the outer ice surface can be reasonably accepted to include significant oxygen-ordered portions. This T range is still quite relevant in nature because it includes the low end of the range characteristic of stratospheric and tropospheric clouds and the surface temperature of icy moons revolving around the outer planets. We will thus consider the pattern of dangling atoms at the oxygen-ordered surface.
In the He scattering study of Glebov et al. (8) , small secondary peaks were noted in the diffraction pattern, corresponding to approximately twice the oxygen lattice constant of ice. Several qualitative suggestions were advanced as to their origin; it was proposed that the peaks may originate from small domains of antiphase-oriented surface molecules, but a molecular model was not elaborated. In calculations of the diffraction pattern, the authors tried two orientational arrangements: one that is fully orientationally disordered and another fully ordered ''all d-H'' surface that corresponds to the extension of the known protonordered ferroelectric Cmc21 form of ice (1) . Neither of these models yields the observed secondary peaks, which therefore appear to provide an important, if mysterious, clue regarding surface proton ordering.
One may note at this point that the all d-H dangling atom pattern is physically unlikely, except possibly for very thin ice deposits on metals. In the past, it was suggested that ferroelectric ordering was induced in ice deposits by the Pt(111) substrate, based on an increase in the H-bonded OH-stretch SFG signal with film thickness (20) . However, the proposed propagation distance of this substrate-induced ordering was only 30 layers, whereas the He scattering experiments of ref. 8 corresponded to 250 bilayers. Later, full ferroelectric ordering was disputed even for the thin deposit (21), on the basis of work-function measurements. Our simulations of an all d-H ice surface indicate that this structure is energetically unfavorable.
In 1992, a suggestion was put forward by Fletcher (16) On the basis of simple estimates employing near-neighbor dipole-dipole interactions, the surface ordering transition was proposed to take place near 30 K for the basal plane and near 70 K for the prism face. It was moreover proposed that glide twin boundaries, such as the that shown in Fig. 1D , should cost little energy and may exist in profusion. In this ''Fletcher phase,'' a dangling atom (H or O) has two nearest neighbors of its own kind and four of the opposite kind, whereas in the disordered phase there are, on average, three near neighbors of each type (compare Fig. 1 
C Left and F).
[Note that the near-neighbor dangling atoms belong to water molecules that are second near-neighbors with respect to each other within the H-bond surface network (see Fig. 1 A and 
B).]
This situation is reminiscent of the nearest-neighbor antiferromagnetic Ising model on a triangular lattice studied long ago, notably by Wannier (22) and many others (17) . In this model, the Fletcher state (depicted by Wannier's figure 6) has the lowest energy, but so do a macroscopic number of other states, yielding in the near-neighbor case an entropy S ϭ 0.32 k B . A different low-energy, semiordered honeycomb state considered by Wannier (illustrated in his figure 8), but not by Fletcher, is shown in Fig. 1E . In the honeycomb state, two-thirds of the spins form an ordered alternating hexagonal lattice with near-neighbor energy identical to that of the striped phase. The orientation of the spin at the center of each hexagon is random, giving it an entropic stabilization, estimated by Wannier (based on considerations contributed by P. W. Anderson to ref. 22) to be approximately (k B ln 2)/3, or more accurately S ϭ 0.29 k B (22) . The Fletcher and honeycomb reconstruction models appear to be possible candidates for an ordered surface state in the more complicated case of ice. Unfortunately, the energy of ice with a reconstructed surface cannot be quantitatively estimated by using simple nearest-neighbor Ising models but requires far more realistic interactions, whose longer-range nature will also generally remove the zero-point entropy. Realistic empirical potentials have been used extensively in the past to study liquid and solid water phases, water clusters, and particles. Significant influence of the dangling atom pattern on the system energy was indeed noted in the investigation of water clusters by employing both empirical potentials and ab initio calculations (13, 23) . Below, we investigate the influence of the dangling atom pattern on ice surface thermodynamics, with the help of empirical potentials.
Results
The present study used two empirical potentials [TIP4P-ice (24, 25) and EMP (26, 27) ] and sets of orientationally disordered ice slabs, fully oxygen-ordered and bounded by hexagonal basal surfaces on the two sides. Every four-coordinated water molecule in the slab obeys the ''ice rule'' (1), with an O atom chemically bonded to exactly two H atoms and hydrogen-bonded to two additional H atoms belonging to neighboring water. Sets containing several hundred distinct structures are used in this study because there are a multitude of orientationally disordered configurations that are consistent with the ice rules. The sets differed by the dangling atom pattern in the top surface bilayer, a pattern selected to be one of the following: It should be emphasized that even in model a, where the dangling atoms form a fully ordered (2 ϫ 1) pattern, the orientations of surface water molecules are not uniquely determined. Three orientations are still possible for each threecoordinated molecule within the top ice bilayer. Surface energetics were assumed to be dominated by the dangling atoms, as suggested in past cluster studies (23) , and the remaining orientational structure (both within the slab surface and in its interior) is fully disordered. Within this model, the dangling atom pattern does not propagate into the orientationally disordered ice interior. Fig. 1C Right shows the underside of the striped phase bilayer; note that the stripes are not in evidence. (Strictly speaking, the three orientations of the H-bond into the bilayer are not fully equivalent because one is perpendicular to the d-H row and the other two are 30°off. Although in principle this permits some propagation of striped order into the bilayer, we believe that this effect is not large. Moreover, its inclusion would lower the energy and thus reinforce the stability of the striped phase.) Fig. 2 shows the minimum energy distributions for models a-c. It can be seen that the three distributions are shifted with respect to each other, with the Fletcher phase corresponding to the lowest mean energy and the disordered model to the highest. The honeycomb phase corresponds to a significantly lower mean energy than the disordered phase but is still definitely higher than the Fletcher phase. The width of the distributions is due to the energy spread caused by the Ϸ200 different random orientational structures in each set. The differences between the average energies for the three distributions may be taken as estimates of energy cost for converting one surface phase into another.
Using the above distributions, one may attempt to estimate the temperature of the surface order-disorder transition, from T ϭ ⌬H/⌬S. As an estimate of ⌬H, we use the mean energy difference between the different models, recalculated per dangling atom of the top bilayer. Energies per (upper-surface) dangling atom are obtained from the energy per molecule through multiplication by N tot /N dang , with obvious notation. The corresponding energy difference between the fully disordered model and the Fletcher phase is 0.54 kcal per mole of dangling atoms for the TIP4P-ice potential and 0.55 kcal/(mole of dangling atoms) for EMP. For an estimate of ⌬S, we assume, similar to ref. 16 , that the entropy change originates from full disordering of the dangling atoms alone, consistent with the notion that the dangling atom pattern does not propagate into ice. In the fully disordered phase, each threecoordinated site may correspond to either d-H or d-O, whereas in the Fletcher phase the configurational entropy of the dangling atoms is zero (assuming that realistic interactions have removed all zero-point entropy). This yields ⌬S ϭ k B ln2 per dangling atom site. The resulting estimated order-disorder ''transition temperature'' is near 390 K, well above the melting point of ice. Although this is only an estimate, it does suggest that the striped dangling atom pattern should reasonably persist in the ice basal plane as long as the surface remains solid and oxygen-ordered (Յ180 K).
A possible thermal phase transition may still be considered from the Fletcher phase to the honeycomb phase. The corresponding mean energy difference is 0.13 and 0.14 kcal/(mole of dangling atoms) for the TIP4P-ice and EMP potentials, respectively. This is a quarter of the value for the transition from the Fletcher phase to the fully disordered phase. However, ⌬S is also reduced, down to approximately (k B ln2)/3 because, in the honeycomb phase, the disorder extends over only one-third of dangling atom sites. The corresponding transition temperature ⌬H/⌬S is near 290 K, which is still above the ice surface Tammann temperature.
The energetic preference for the Fletcher phase could conceivably be affected by quantum-mechanical zero-point energy effects. Our estimation of quantum effects is described in Methods and in supporting information (SI) Methods.We found that intermolecular zero-point energy reduces the energetic preference for the Fletcher phase by Ϸ0.01 kcal/(mole of dangling atoms), a small effect attributable to slightly higher mean vibrational frequency of the more-stable Fletcher surface. Counterbalancing the intermolecular zero-point energy, the intramolecular contribution to the zero- point energy is actually found to stabilize the Fletcher structure with respect to the disordered structure by 0.04 kcal/(mole of dangling atoms) because the Fletcher structure corresponds to somewhat lower OH-stretch frequencies.
Next, we examined the energy cost of generating a glide twin boundary in the striped phase, as was suggested by Fletcher (16) (Fig. 1D) . Two sets of models were generated, containing 960 water molecules arranged in 10 bilayers, with and without the a glide twin boundary. The mean total energy difference between the two sets is Ϸ1.0 kcal/mol or Ϸ500 K (with the TIP4P-ice potential). Although this rather substantial energy cost is size-dependent (because it does not correspond to a localized defect), it does suggest a good thermal stability for the striped Fletcher phase.
To further examine thermal behavior, Monte Carlo (MC) simulations were carried out for the T-dependent orientational structure of the top bilayer, with the Fletcher phase as a starting point. (It was found that orientational equilibration is too slow for direct MD simulations.) Each MC step included (i) locating a pair of molecules with d-H and d-O that are second-nearest surface neighbors (first neighbors in the triangular top half bilayer); (ii) interchanging the d-H and d-O locations while preserving an intact H-bond network, by rotating the two molecules and the intervening four-coordinated molecule; (iii) minimizing the energy of the top bilayer; and (iv) implementing step acceptance or rejection according to the usual temperature-dependent Metropolis criterion (ref. 28 , and see SI Methods). The simulation, employing the computationally cheaper TIP4P-ice potential, was applied to a slab having four ice bilayers with 1,344 water molecules in each bilayer. No significant disordering of the dangling atom pattern occurred in the striped surface phase during 5,000 steps of the simulation employing temperatures of 100 and 150 K, although at the latter T some isolated defects were formed. At 200 K (the upper end of the T range of interest), the concentration of defects was substantial. Still, Ϸ90% of the dangling atom sites retained their original occupancy by either d-H or d-O. These results are not surprising given that the mean energy cost for generating the initial single localized defect in the Fletcher structure is 1.9 kcal/mol, with standard deviation of 0.5 kcal/mol, although at select sites the value can be as low as 0.2 kcal/mol.
The MC code was then used to double-check the energy difference between the Fletcher and disordered phases because the MC scheme allows energy estimation without varying the orientational structure below the first bilayer. To this effect, 4,500 MC moves were applied to the initially striped surface, while adopting unit acceptance probability at each step (''infinite temperature limit''). The simulation ended in high-energy surface structures with no recognizable order (Fig. 3A) . The mean energy of these structures, averaged over the last 2,000 MC steps, was 0.46 kcal/(mole of dangling atoms) above the initial Fletcher structure, as compared with the value of 0.54 kcal/(mole of dangling atoms) obtained for fully disordered structures. The mean number of d-H near neighbors (2.82) also approached, but did not quite reach, the value of 3 characteristic of full disorder. Apparently, full randomization is not attained in 4,500 steps for this particular MC scheme; nevertheless, the final energies and near-neighbor numbers are not far from a fully disordered model. Finally, MC relaxation was applied to quench an initially disordered structure. For that, a fully disordered (infinite temperature) structure was used as input for an MC run in which a new structure was accepted only if its energy was lower than that of the previous structure (''zero temperature quench''). Fig. 3B shows a relaxed, low-energy structure obtained after 5,000 MC steps. The ice surface did not recover the ideal Fletcher state; however, comparison of Fig. 3B and Fig. 3A reveals the disappearance of clumps of dangling atoms of the same kind. Clumps are replaced by a meandering stripe pattern, approximately describable as a ''mosaic'' of Fletcher phase nanodomains. The energy of the final structure is only 0.02 kcal/(mole of dangling atoms) above that of the fully ordered Fletcher structure. The number of d-H near neighbors (2.10) approaches the value of 2 characteristic of the Fletcher phase. These results suggest the existence of a continuum of low-energy surface structures that can be viewed as defective, Fletcher-like configurations whose lower bound is the ordered striped Fletcher phase itself. So long as oxygens remain ordered, thermal disordering presumably could take place by gradual conversion of the ideal striped state into this kind of mosaic.
The next question to be asked is whether the real physical ice surface will be able to relax toward the lowest energy Fletcher structure at sufficiently low temperature. Because of kinetic barriers, the surface could remain in a disordered or defective striped structure such as the one shown in Fig. 3B , or alternatively could become trapped in another partly ordered structure, such as the honeycomb phase. It was beyond the scope of the present study to evaluate the kinetic barriers; rather, we chose to use comparison with the available experimental data as a validation test. We considered, in particular, He diffraction and SFG spectra.
The extensive helium scattering data of ref. 8 provide both the high resolution and low temperatures capable of addressing proton order. The pertinent diffraction pattern is reproduced in Fig. 4 . The minor features that potentially originate from proton ordering are indicated by arrows. The authors of ref. 8 tentatively attributed these peaks a-c to an unspecified hexagonal lattice with a periodicity 2.1 times that of the surface O atoms. We regard the a and b He diffraction peaks as compatible with three superposed 2 ϫ 1 Fletcher striped structures. In fact, the (2 ϫ 1) periodicity of the striped Fletcher phase would invariably appear as a (2 ϫ 2) once domains oriented in three possible symmetry equivalent directions are considered. The presence of domains, inevitable in a symmetrybreaking surface phase, is in fact indicated by the experiment. Peaks a and b are very broad, corresponding to a width of 2.5°[as compared with the 0.39°width of the (10) and (1 0) We calculated He diffraction intensities for the ideal striped phase by using the eikonal approximation (29) . Similar to ref. scattering data, the relative intensity of the secondary peaks a and b is predicted to be on the order of 5%. Peaks c do not appear in our model; however, peaks c are much sharper than a and b, which, along with their location near the (1 0) and (10) primary peaks, suggests a different origin, such as surface steps. The marginal difference in lattice constants could indeed be due to residual antiphase domains in the Fletcher structure, energetically too subtle to evaluate at this stage; or the difference may not be meaningful because of the large width of the experimental peaks (⌬/ Ϸ 0.3 for peak a). The partly ordered honeycomb lattice (Fig. 1E) would also yield secondary diffraction peaks; however, with a ( ͌ 3 ϫ ͌ 3) periodicity clearly incompatible with the location of the experimental peaks a and b.
Diffraction patterns (data not shown) were also calculated for MC-relaxed disordered structures such as the quenched mosaic configuration shown in Fig. 3B ; only a trace of the secondary diffraction peaks was obtained. Upon ideally increasing the (2 ϫ 1) Fletcher domain sizes to form larger and larger ''mosaic tiles,'' these traces would gradually build up into broad fractional peaks resembling the experimental peaks a and b. We conclude that lowtemperature, high-resolution He scattering supports the presence of substantial domains of the ice surface characterized by Fletcher's ordered striped structure.
The SFG spectra represent another, dynamical probe of surface properties (31, 32) . We calculated SFG spectra of the ice surface for the striped phase and, by comparison, for the fully disordered dangling atom pattern, using the recently developed exciton-based method (33) . Fig. 5 shows a comparison of the computed spectrum with the experimental ppp polarization H-bonded OH-stretch spectrum measured in the Shultz laboratory (34, 35) . The lowfrequency peak a was assigned in ref. 33 to the ''breathing'' modes, in which the different OH bonds oscillate globally in phase. Peak b corresponds to dipolar modes, where dipoles associated with the asymmetric stretch oscillate in phase. [The smaller peak c is of uncertain origin and was reproduced only marginally by the calculations.] Again, accuracy of the computational scheme is qualitative rather than quantitative. Nevertheless, the increase in the relative intensity of peak a with respect to b in the striped phase brings the computation into better agreement with experiment, as compared with the fully disordered model.
Although the results discussed above concur to favor the presence of striped order at the low-temperature ice surface, we note that the oxygen lattice remained fully ordered throughout the above simulations. Loss of oxygen order beginning from the Fletcher phase was simulated by using MD in the vicinity of the Tammann temperature (180 K). The simulation used the TIP4P-ice potential, known to yield the correct ice melting temperature (24) , and the ideal striped surface structure was used as input. Fig. 6 shows final surface snapshots of the trajectories. On the simulation time scale of 2 ns, loss of surface oxygen order begins between 150 and 200 K, in accord with experimental helium scattering (12) and SFG (14) data. Note that the 200 K snapshot still displays elements of crystal order in the top bilayer, whereas the 250 K snapshot does not. Related studies of loss of oxygen order were carried out in the past for different (mostly proton-disordered) surface models (36) (37) (38) (39) (40) .
Discussion
On the basis of theory and simulation arguments, it is proposed that the ice basal surface favors an ordered, striped dangling atom pattern in the entire T range in which the surface is oxygen-ordered (Յ180 K).
An effort was made to validate our theoretical results through direct connection to available experimental data. Specifically, the He diffraction pattern of ref. 8 (Fig. 4) , which includes hitherto unexplained small, but reproducible, extra peaks a and b, is discussed. These peaks can be accounted for by the presence of striped Fletcher domains in the crystal ice surface, oriented in three symmetry equivalent directions. Although no effort was made to calculate domain size distribution (which is likely to be influenced by the experimental procedures), the observed diffraction peak widths indicate domains of Ϸ30 Å linear dimension (8) . This interpretation implies that the dangling atom ordering process is kinetically unimpaired, at least to the extent of forming domains. A second piece of evidence supporting a striped Fletcher phase rather than a disordered model is the improved agreement between computed and experimental SFG spectra. An issue of great interest for future work is the influence of the striped dangling atom order pattern on the ice interaction with adsorbates. Adsorbates might reinforce, modify, or ruin the pristine, striped-ordered phase. New ordered phases could be generated by adsorbate molecules. Intense infrared-active bands of adsorbates have been shown to be highly sensitive to the extent of order in the underlying surface (41, 42) . SFG spectroscopy (which probes modes that are both infrared and Raman-active) holds great promise as an experimental probe. Infrared adsorbate spectroscopy on large ice nanoparticles (which may include crystalline surface patches) is also potentially informative (13, 41, 42) . Finally, ab initio simulations (43, 44) are likely to provide further insight into these and other related issues bearing on the fascinating ideal hexagonal ice surface.
Methods
Calculations used two empirical rigid-body potentials: (i) the nonpolarizable TIP4P-ice (24, 25) (the well known TIP4P potential, modified to reproduce the correct melting point) and (ii) the polarizable EMP (26, 27) , which was a version of the potential devised by Kuwajima and Warshel (27) , modified to improve the description of the orientational energetics of ice. Both potentials reproduce ice properties quite well (24, 26) . In energy minimizations of ice models, very long potential cutoffs of 120 Å were used in lieu of Ewald sums. Ice slabs containing 360 -5,500 molecules and 4 -10 ice bilayers were examined. The set of configurations for each of the three models, a-c, described in Results consisted of Ϸ200 different orientational structures, generated randomly while fully obeying ice rules and compatible with the respective a-c dangling atom pattern in the top bilayer. The dangling atom patterns in the bottom slab bilayers were assumed to be disordered. For the sake of consistency, the same sets of disordered d-H and d-O patterns were used for all three models. To assess intermolecular zero-point energy effects on the system energetics, a normal mode analysis was carried out for the intermolecular motions of the top bilayer. To estimate the contribution of the anharmonic OH-stretch vibrations, an exciton model was used, as described in refs. 13 and 33. MD simulations of ice slabs used the SHAKE algorithm to keep the molecules rigid (45), a 40-a.u. time step, and a 13-Å potential cutoff. Further details are provided in SI Methods.
